Nephrolithiasis remains a major health problem in Western countries. Seventy to 80% of kidney stones are composed of calcium oxalate, and small changes in urinary oxalate affect risk of kidney stone formation. Intestinal oxalate secretion mediated by the anion exchanger SLC26A6 plays an essential role in preventing hyperoxaluria and calcium oxalate nephrolithiasis, indicating that understanding the mechanisms regulating intestinal oxalate transport is critical for management of hyperoxaluria. Purinergic signaling modulates several intestinal processes through pathways including PKC activation, which we previously found to inhibit Slc26a6 activity in mouse duodenal tissue. We therefore examined whether purinergic stimulation with ATP and UTP affects oxalate transport by human intestinal Caco-2-BBe (C2) cells. We measured [
SLC26A6; PKC-␦; P2Y 2 purinergic receptor; phospholipase C AFTER HYPERTENSION, kidney stone disease is the second-mostprevalent kidney disease in the United States. It is a major source of patient discomfort and disability, lost working days, and health-care expenditure, with an annual economic cost exceeding $2 billion. A history of a single kidney stone was recently shown to be associated with a significantly increased risk of poor renal outcome, including advanced chronic kidney disease and end-stage renal disease (1) . Chronic kidney disease and end-stage renal disease are associated with remarkably higher long-term morbidity and mortality and tremendous economic burden. Seventy to 80% of kidney stones are composed of calcium oxalate (5) , and mild hyperoxaluria is frequently seen in patients with recurrent calcium oxalate kidney stones (75) . Minor changes in urinary oxalate levels affect the risk for stone formation, and urinary oxalate is a critical determinant of the level of calcium oxalate supersaturation (75) . In addition, in men with recurrent calcium oxalate kidney stones, the amount and size of calcium oxalate crystals, as well as the severity of the disease, were shown to be highly related to their urinary oxalate excretion (75) .
The mammalian intestine plays a crucial role in oxalate homeostasis by serving as a site for dietary oxalate absorption as well as an avenue, together with the kidneys, for oxalate excretion. Dietary intake of oxalate, net intestinal absorption, endogenous production, and renal clearance influence the amount of oxalate excreted in the urine. Intestinal oxalate transport takes place passively through the paracellular pathway or actively through the transcellular (transepithelial) pathway (41) . The latter is mediated by apical and basolateral integral membrane proteins (anion exchangers) in intestinal cells and is of significant importance, as it is potentially regulated (41) .
The essential role of the mammalian intestine in oxalate homeostasis is exemplified by the following observations. Hyperoxaluria and a high incidence of kidney stone formation are commonly seen in patients with inflammatory bowel disease (IBD) (17) . Hyperoxaluria is also emerging as a major complication (developing in Ͼ50% of patients) following bariatric surgery for obesity (66) . Moreover, mice lacking the anion exchanger Slc26a6 have a critical defect in intestinal oxalate secretion, resulting in enhanced net absorption of ingested oxalate, hyperoxalemia, hyperoxaluria, and a high incidence of calcium oxalate kidney stones (32, 45) . Thus, Slc26a6-mediated intestinal oxalate secretion plays a major constitutive role in limiting net absorption of ingested oxalate, thereby preventing hyperoxaluria and calcium oxalate nephrolithiasis, indicating that defects in the function or regulation of this key transporter are potential molecular mechanisms predisposing to calcium oxalate nephrolithiasis in humans. Therefore, understanding the molecular mechanisms regulating SLC26A6 (and, hence, overall intestinal oxalate transport) is potentially very important for the management of hyperoxaluria and calcium oxalate nephrolithiasis. Better understanding of the physiological processes regulating intestinal oxalate transport, which are largely unknown, could yield valuable information that may lead to the design of new effective therapeutic approaches for prevention and/or treatment of hyperoxaluria and related calcium oxalate kidney stones.
Luminal extracellular nucleotides such as ATP and UTP have been shown to play an important role in the regulation of several intestinal processes (56) through pathways including PKC activation (12) , which we previously found to negatively regulate Slc26a6 activity in mouse duodenal tissue under physiological conditions (39) . Sustained supraphysiological levels of luminal extracellular nucleotides are highly expected to be seen under conditions of inflammation such as IBD [a disease associated with hyperoxaluria and a 10-to 100-fold increased risk of kidney stone formation (69) ], where overexpression of the P2Y 2 and P2Y 6 purinergic receptors has been reported (36) . In addition, many gut bacteria are known to alter intestinal oxalate transport through unknown mechanisms (40) , which might involve extracellular nucleotides, given the fact that several bacteria enhance their survival by modulating nucleotide release and subsequent signaling by host cells (21) . We therefore examined whether luminal ATP and UTP affect DIDS-sensitive Cl Ϫ /oxalate exchange activity, Ն50% of which is mediated by SLC26A6, in human intestinal Caco-2-BBe (C2) cells. We have found that ATP and UTP negatively regulate oxalate transport by lowering SLC26A6 surface expression in C2 cells through signaling pathways including the P2Y 2 receptor, PLC, and PKC-␦.
MATERIALS AND METHODS
Cell culture. Human intestinal (C2) cells (kindly provided by Dr. Jerrold Turner, University of Chicago) were grown under standard conditions in high-glucose DMEM supplemented with 10% FBS, 50 U/ml penicillin, and 50 mg/ml streptomycin at 37°C in 5% CO 2-95% air. T84 cells were obtained from the American Type Culture Collection (Manassas, VA) and grown in DMEM-Ham's F-12 culture medium supplemented with 5-10% FBS, 50 U/ml penicillin, and 50 mg/ml streptomycin at 37°C in 5% CO 2-95% air. The oxalate flux and other studies described below were performed using confluent cells grown for 5-13 days postplating on 24-well plastic supports and/or on 0.4-m collagen-coated polystyrene Transwell membrane filters (Corning, Corning, NY) in 12-and/or 24-mm inserts after overnight serum starvation (11, 13, 38, 76) . C2 cells were similarly grown on 0.4-m collagen-coated 12-mm Snapwell inserts (Corning) for the Ussing chamber studies. The transepithelial resistance (TER) was measured using an epithelial voltohmmeter (EVOM2, World Precision Instruments) to monitor the maturation of the monolayers grown on Transwell permeable supports. We also assessed villin protein expression (38) , a marker of epithelial maturation (4, 30) , to monitor differentiation of the monolayers. This was done by harvesting total protein lysates from C2 cells on days 1, 2, 3, 4, 5, 6, 8, 10, 12 , and 14 postplating for determination of villin protein expression using immunoblotting. We noted that villin expression increased progressively from day 1 through day 5 and then remained stable through day 14 (i.e., we saw identical amounts of villin on days 5-14; data not shown). Equal loading is ensured by probing the lower half of the same gel with an anti-GAPDH antibody and observing identical protein expression on days 1-14. Villin plays a critical role in the maintenance of the enterocyte brush border architecture, and stable suppression of endogenous villin expression in Caco-2 cells remarkably alters brush border assembly (6, 22) . In addition, the presence of villin correlates with the existence of a well-organized enterocyte brush border, as previously suggested (30) .
Radioactive flux studies. C2 and T84 cells were grown as described above. After aspiration of the culture medium, the cells were incubated in a Cl Ϫ -free solution (38) (in mM: 130 potassium gluconate, 5 glucose, and 20 HEPES, pH 7.4) containing 20 M [ 14 C]oxalate for 6 min. This 6-min period was based on our finding that it falls within the linear range of oxalate uptake by these cells. Uptake of [
14 C]oxalate was terminated by two to three rapid washes of the cell monolayers with ice-cold Cl Ϫ -free solution. The cells were then solubilized in 0.2 N NaOH and neutralized with an equivalent amount of 0.2 N HCl. The solubilized cells were transferred to vials with scintillation fluid (Opti-Fluor, Packard), and the radioactivity was measured by scintillation spectrometry. Flux studies on cells grown on Transwell inserts were performed in a manner similar to that described above, with the flux solution added to the apical side (top) of the insert for assessment of unidirectional apical influx. The influx of [ 14 C]oxalate was terminated by two to three rapid washes of the cell monolayers with ice-cold Cl Ϫ -free solution, and the insert was then placed upside-down and allowed to dry for several minutes. Membrane filters containing the cells were cut from the support and placed into vials with scintillation fluid, and radioactivity was similarly measured after overnight solubilization. The presence of the filter in the counting vial did not have a significant effect on percent quench of 14 C scintillation. The flux data are presented as a percentage of the respective control value, and the absolute magnitudes of oxalate fluxes, represented by "controls" of 100%, are provided. The oxalate flux studies were performed using confluent C2 cells of different passages grown for 5-13 days after plating. Although percent changes due to regulatory effects were very consistent, with small errors, baseline transport varied due to experiment-to-experiment variation in plating conditions.
PKC-␦ knockdown in C2 cells. A PKC-␦-specific small interfering RNA (siRNA) oligonucleotide (Santa Cruz Biotechnology, Santa Cruz, CA) was used to knock down PKC-␦ expression in C2 cells (84) . A scrambled artificial sequence oligonucleotide was used as a negative control siRNA. C2 cells were grown as described above, and transfection of cells was begun 60 h before harvest, as previously reported (63) . PKC-␦ or control siRNA oligonucleotide was incubated in Opti-MEM (Life Technologies; 4 l of a 10 M stock solution in 100 l of Opti-MEM) for 10 min. The lipid transfection reagent siLentFect (Bio-Rad Laboratories, Hercules, CA) was also incubated for 10 min in Opti-MEM (4 l/100 l). After 10 min, the two solutions were mixed to allow complex formation and allowed to sit for 10 -15 min. The complete medium was replaced with 250 l of Opti-MEM per well of 24-well plastic plates 30 min before addition of 50 l of the complexed solution per well. The cells were allowed to incubate at 37°C for 3 h to allow for maximal uptake of siRNA; then medium containing 10% (vol/vol) FBS was reintroduced to bring the volume to 1 ml. To achieve sufficient knockdown of PKC-␦ protein, this transfection procedure was repeated 12 h prior to experimental use (63) . PKC-␦ protein knockdown was assessed by immunoblotting.
SDS-PAGE and Western blotting. C2 cells were scraped and lysed in lysis buffer (150 mM NaCl, 50 mM Tris·HCl, 5 mM EDTA, 50 mM sodium fluoride, 15 mM sodium pyrophosphate, 0.5% sodium deoxycholate, 1% Triton X-100, and 0.1% SDS, pH 7.4) supplemented with Complete Protease Inhibitor Cocktail (Roche Diagnostics). The lysate was centrifuged (14,000 g, 4°C, 10 min), and the supernatant was saved for gel electrophoresis. Total protein levels were assessed, and equal amounts of protein lysates were separated by SDS-PAGE using 7.5% polyacrylamide gels and then electrotransferred to polyvinylidene difluoride (Immobilon-P, Millipore). All immunoblots were stained with Ponceau S solution [0.1% Ponceau S (wt/vol) in 5% acetic acid (vol/vol)] following transfer. For Western blotting and blocking of nonspecific binding, polyvinylidene difluoride strips were first incubated in Blotto (5% nonfat dry milk and 0.1% Tween 20 in PBS) for 1 h. Immunoblots were incubated overnight at 4°C with anti-PKC-␦ antibody (catalog no. sc-937-G, Santa Cruz Biotechnology; 1:400 dilution), anti-SLC26A6 antibody (catalog no. sc-26728, Santa Cruz Biotechnology; 1:100 dilution), anti-␤-actin antibody (catalog no. A1978, Sigma; 1:50,000 dilution), anti-GAPDH antibody (catalog no. sc-32233, Santa Cruz Biotechnology; 1:1,000 -5,000 dilution), or anti-P2Y2 antibody (catalog no. sc-15209, Santa Cruz Biotechnology; 1:400 dilution). Then the strips were washed in Blotto and incubated for 1 h with horseradish peroxidase-conjugated secondary antibody (donkey anti-rabbit, anti-mouse, or anti-goat IgG, Jackson Laboratory; 1:10,000 dilution). Antibody reactivity was detected with the enhanced chemiluminescence system (SuperSignal West, Thermo Scientific) according to the manufacturer's protocol.
Surface biotinylation. C2 cells were grown and serum-starved as described above for the surface biotinylation studies. Cells were treated with vehicle (control) or 100 M ATP for 30 min in the culture medium and then washed once in ice-cold PBS. C2 cells were subjected to two 30-min incubations in the biotinylation reagent Sulfo-NHS-SS-Biotin (Thermo Scientific; 2 mg/ml) in PBS (38, 39) to biotinylate apical membrane proteins (with all steps performed on ice and/or in a cold room) and washed twice in ice-cold PBS. The cells were then incubated in PBS containing 100 mM glycine for 15 min to quench excess biotin and washed twice with PBS. Total protein lysates were prepared as described above, and normalized samples were incubated overnight with 150 -200 l of streptavidin-agarose beads (Thermo Scientific). Biotinylated proteins were dissociated from the beads with sample buffer (10% SDS, 2% ␤-mercaptoethanol, 20% glycerol, and 5 mM Tris·HCl, pH 6.8) containing 100 mM DTT and boiled for 2 min. After separation by SDS-PAGE, proteins were transferred to immunoblots and probed with the anti-SLC26A6 antibody, as described above.
Short-circuit current measurement. C2 cell monolayers, prepared as described above, were mounted in modified Ussing chambers (Physiological Instruments, San Diego, CA) for short-circuit current (I sc) measurement. The mucosal and serosal surfaces of the monolayer were bathed with 4 ml of warmed (37°C) Ringer buffer (140 mM Na ϩ , 119.
Ϫ , 2.4 mM HPO 4 2Ϫ , and 0.4 mM H2PO 4 Ϫ , pH 7.4, gassed with 95% O2-5% CO2) containing 10 mM mannitol or glucose on the mucosal or serosal side, respectively. Transepithelial Isc, TER, and total tissue conductance across monolayers were continuously recorded (at 10-s intervals) using Acquire and Analyze software (Physiological Instruments). After a 15-min equilibration period, vehicle or the Cl Ϫ channel blocker CFTR inhibitor-172 (CFTR-172, 10 M) was added to the mucosal side of matched pairs of monolayers (total tissue conductance Յ20%) for 15 min; then ATP (100 M) was added to the mucosal side to stimulate Cl Ϫ secretion. Materials. UTP, U-73343, protein phosphatase type 2 (PP-2), SB-202190, CFTR-172, Gö-6976, and Gö-6983 were purchased from Calbiochem, ATP and DIDS from Sigma, the P2Y 2 agonist 2-thiouridine-5=-triphosphate (2-thio-UTP) and the P2Y1 agonist MRS-2365 {[(1R,2R,3S,4R,5S)-4-[6-amino-2-(methylthio)-9H-purin-9-yl]-2,3-dihydroxybicyclo[3.1.0]hex-1-yl]methyl} from Tocris Bioscience, and U-73122 from Enzo Life Sciences. PP-2, U-73122, U-73343, CFTR-172, Gö-6983, and SB-202190 were dissolved in DMSO and stored at Ϫ20°C. Gö-6976 was dissolved in DMSO and stored at 4°C. DIDS was dissolved in H 2O and made fresh prior to use. [ 14 C]oxalate (specific activity 54 mCi/mmol) was purchased from Vitrax. Equivalent volumes of DMSO (0.1-0.2%) or H 2O were added to control media. The concentration of each drug was based on published literature (see RESULTS) , where for some drugs a wide range of concentration has been reported. In addition, we routinely test several concentrations and preincubation times in pilot experiments.
Statistical analysis. Experimental data are presented as a percentage of the respective control (100%) value and are expressed as means Ϯ SE. Data were analyzed by one-way ANOVA followed by Bonferroni's or Student-Newman-Keuls' post hoc test or by Student's t-test for paired or unpaired samples for comparison of two groups. P Ͻ 0.05 was considered statistically significant. The absolute flux values for the comparisons reported in Figs. 1-8 were subjected to statistical analysis utilizing mixed-effects ANOVA and paired t-test (using the experimental day for pairing) and were also found to be significant (data not shown).
RESULTS
We have used the well-characterized human intestinal C2 cells to examine whether intestinal oxalate transport is subject to regulation by luminal extracellular nucleotides. C2 cells closely resemble the native epithelium, and they express several purinergic receptors (23, 60) . C2 cells express SLC26A6 on the apical surface, where Ն50% of Cl Ϫ /oxalate exchange has been shown using siRNA knockdown studies, resulting in Ͼ60% reduction of its protein expression (33) Ϫ1 for control and DIDS, respectively). These results strongly indicate that the oxalate uptake by C2 cells is an active transport process mediated by one or more of the involved anion exchanger(s), with SLC26A6 expected to be the main player, as described above (33) .
Purinergic signaling modulates many intestinal processes through pathways including PKC activation (12), which we previously demonstrated to inhibit intestinal oxalate transport (38, 39) . We therefore examined whether purinergic stimulation with the extracellular nucleotide ATP regulates oxalate transport by C2 cells. As shown in Fig. 1A , apical preincuba- (Fig. 1B) grown on plastic supports (seeded at the same time and studied concurrently as in Fig. 1A ). These results indicate that purinergic stimulation with ATP negatively regulates oxalate transport by C2 cells.
Since the response to ATP could be partially mediated by its degradation into adenosine and the activation of adenosine receptors (56), we similarly evaluated the effects of UTP, which is known to mediate its effects by mainly activating the P2Y 2 and/or P2Y 4 purinergic receptors (88), on oxalate transport by C2 cells. As seen in Fig. 2A To ensure that the effects of extracellular nucleotides on intestinal oxalate transport are not cell line-specific, we also similarly evaluated the effects of ATP on oxalate transport by the human colonic cell line T84, which also expresses different purinergic receptors (81) . After reaching confluence, C2 cells exhibit a small intestinal enterocyte-like phenotype (71), while differentiated T84 cells exhibit a colon crypt-like phenotype (27) . Using short hairpin RNA knockdown studies, we previously demonstrated that endogenous SLC26A6 mediates most of the oxalate transport by T84 cells (38) . As seen in Fig. 3 and similar to our observations in C2 cells, preincubation of T84 cells with ATP (100 M for 30 min) also significantly inhibited oxalate transport by T84 cells (by ϳ30%). In addition, we observed that preincubation of T84 cells with UTP (100 M for 30 min) also similarly inhibited oxalate transport by T84 cells in two independent experiments (data not shown). These results indicate that the effects of the extracellular nucleotides ATP and UTP on oxalate transport by intestinal epithelial cells are not cell line-specific.
It is most likely that the ATP-and UTP-induced inhibition of Cl Ϫ /oxalate exchange activity is due to a direct effect on expression and/or function of the involved anion exchanger(s). However, since ATP and UTP are known to stimulate electrogenic Cl Ϫ secretion in intestinal cells (35, 81) , they may have accelerated the dissipation of the outwardly directed Cl Ϫ gradient driving uptake of ). *P Ͻ 0.0007 vs. control (by 2-tailed t-test).
172 on ATP-induced changes in I sc across C2 monolayers under the same conditions (seeded at the same time and studied concurrently as in Fig. 4A) (15, 52) , and ATP is known to stimulate Cl Ϫ secretion in T84 cells (28, 83) . As shown in Fig. 4B , ATP significantly stimulated I sc across C2 monolayers, and CFTR-172 reduced the ATP-induced Cl Ϫ secretion by Ͼ58%. The observation that CFTR-172 significantly reduces ATP-induced Cl Ϫ secretion but has no effect on ATP inhibition of Cl Ϫ /oxalate exchange strongly argues that ATP must directly inhibit the activity of SLC26A6 and/or other involved anion exchanger(s).
Extracellular nucleotides such as ATP and UTP modulate epithelial cell function via the activation of two classes of receptors: G protein-coupled P2Y receptors (1, 2, 4, 6, (11) (12) (13) (14) , which can mobilize intracellular Ca 2ϩ and activate protein kinases and phosphatases, and P2X receptors (1-7), which have intrinsic activities of ion channels (85). As indicated above, UTP mediates its effects on target cells by mainly activating the P2Y 2 and/or P2Y 4 purinergic receptors (48) . Our observation that ATP and UTP are equipotent in inhibiting oxalate transport in C2 cells suggests a role for the P2Y 2 , rather than the P2Y 4 , purinergic receptors, given the fact that the P2Y 2 and the P2Y 4 receptors respond to agonists with the following order of potency: UTP ϭ ATP and UTP ϾϾ ATP, respectively (10). To provide additional evidence that the P2Y 2 is the involved purinergic receptor, we tested the effect of the potent and selective P2Y 2 receptor agonist 2-thio-UTP (44) on oxalate transport by C2 cells. C2 cells were preincubated with 2-thio-UTP (1 M) for 30 min before measurement of [
14 C]oxalate uptake. As shown in Fig. 5 , 2-thio-UTP caused significant inhibition of [ 14 C]oxalate uptake by C2 cells, an effect that is similar to the effect induced by ATP or UTP (100 M for 30 min). On the other hand, preincubation of C2 cells with 1 M P2Y 1 receptor agonist MRS-2365 for 30 min had no significant effect on oxalate transport, indicating that the 2-thio-UTPinduced inhibition of oxalate transport is specific and is due to activation of the P2Y 2 receptor. These results strongly indicate that ATP and UTP signal through the P2Y 2 purinergic receptor to inhibit oxalate transport by C2 cells. mRNA transcripts for several purinergic (P2) receptors, including P2Y 1 , P2Y 2 , P2Y 4 , P2Y 6 , and P2Y 11 , have been reported in Caco-2 cells (23, 60) . In addition, protein expression for P2Y 1 and P2Y 2 receptors has been shown immunohistochemically (23) . We also verified the expression of the P2Y 2 receptor in C2 cells by immunoblotting (data not shown).
The P2Y 2 receptor, a G q protein-coupled receptor, is linked to activation of PLC (10, 73) . We therefore examined whether PLC is involved in the signaling cascade leading to inhibition of oxalate transport by ATP. C2 cells were preincubated with the PLC inhibitor U-73122 [10 M (7, 38)] before incubation with ATP, and [
14 C]oxalate uptake was measured. As shown in Fig. 6A , U-73122 significantly reduced the ATP-induced inhibition of [ 14 C]oxalate uptake by C2 cells, whereas it had no significant effect on baseline transport. Importantly, under the same conditions, its inactive analog U-73343 (10 M) had no significant effect on inhibition of [ 14 C]oxalate uptake or on baseline transport (Fig. 6B) . These results indicate that PLC is involved in the signaling cascade leading to inhibition of oxalate transport by ATP.
As described above, purinergic signaling modulates several intestinal processes through pathways including PKC (12 Analysis of the sensitivity profiles of Gö-6983 and Gö-6976, as we previously reported (38, 39) , suggests a potential role for PKC-␦ in the ATP/UTP-induced inhibition of [ 14 C]oxalate transport by C2 cells. In addition, using the relatively selective PKC-␦ inhibitor rottlerin and PKC translocation studies, we recently demonstrated that PMA and the cholinergic receptor agonist carbachol inhibit SLC26A6 activity in T84 cells through PKC-␦ activation (38) . To evaluate whether extracellular nucleotides negatively regulate [ 14 C]oxalate uptake by C2 cells through PKC-␦ activation, PKC-␦ expression in C2 cells was knocked down using siRNA. C2 cells were untransfected or transfected with a negative control siRNA or a PKC-␦-specific siRNA. A representative immunoblot is shown in Fig. 8A , and the scanned data from four experiments are presented in Fig. 8B . The data are shown as the ratio of the densitometry of the PKC-␦ protein band to the ␤-actin protein band from the same lane of the same gel and then presented as a percentage of the untransfected (100%) value. As shown in Fig. 8, A and B , the siRNA targeting PKC-␦ reduced PKC-␦ protein expression by ϳ62% compared with untransfected cells and cells transfected with the control siRNA. Equal loading was verified by probing the lower half of the same blot with an anti-␤-actin antibody and observing no significant difference (Fig. 8A) . Interestingly, and as seen in 14 C]oxalate uptake was measured. We observed that these inhibitors [used at concentrations and for time periods known to effectively block these signaling pathways in Caco-2 and T84 intestinal cells (2, 19, 82, 90) ; 3 independent experiments for each inhibitor] had no significant effect on the ATP-induced inhibition of oxalate transport by C2 cells (data not shown). These findings indicate that the MAPKs ERK1/2 and p38, PKA, and Src family tyrosine kinases are unlikely to be involved in the ATP-induced signal cascade leading to inhibition of [ 14 C]oxalate uptake by C2 cells.
To elucidate the molecular mechanism(s) underlying purinergic-mediated inhibition of oxalate transport by C2 cells, we ). Gö-6983 completely and significantly reduced the inhibition induced by UTP: *P Ͻ 0.01 and P Ͻ 0.05 vs. control and UTP ϩ Gö-6983, respectively (by ANOVA). carried out surface biotinylation studies to examine whether the inhibitory regulation is due to ATP/UTP-induced reduction in surface expression of SLC26A6, as previously seen with PKC and carbachol inhibition of Slc26a6 expressed in Xenopus oocytes and endogenous SLC26A6 in T84 cells, respectively (38, 39) . Control or ATP-treated cells were incubated with the surface biotinylation reagent Sulfo-NHS-SS-Biotin, biotinylated proteins were precipitated with streptavidin, and immunoblots were prepared and probed with an anti-SLC26A6 antibody to assess surface SLC26A6 expression. In addition, immunoblots of C2 cell lysates were prepared and probed to assess total SLC26A6 expression. A representative immunoblot is shown in Fig. 9A , and the scanned data from cells grown on plastic supports and Transwell inserts are presented in Fig.  9 , B and C. The data are shown as the ratio of the densitometry of the total SLC26A6 protein band to the respective GAPDH protein band from the same lane of the same gel and then presented as a percentage of the control (100%) value. The total SLC26A6, when normalized to GAPDH, did not change and, therefore, can be used to normalize the biotinylated SLC26A6. Biotinylated SLC26A6 was normalized to the total SLC26A6 in the cell lysate under each condition and then presented as a percentage of the control (100%) value. As seen in Fig. 9 , ATP caused a significant decrease in the amount of surface SLC26A6 protein available to biotinylation in C2 cells Fig. 9 . Effect of ATP on SLC26A6 (A6) protein expression. A: representative Western blot of total and surface biotinylated SLC26A6. C2 cells were preincubated with vehicle (CON) or 100 M ATP for 30 min, and SLC26A6 protein expression was evaluated in cell lysate [total (50 g protein/lane)] and after streptavidin precipitation of surface biotinylated proteins from 2,000 g of initial cell lysate (surface). Anti-GAPDH antibody was used to verify equal loading of protein in each lane. B and C: densitometry of immunoblot results. Western blot band density was quantified using ImageJ software. Values (means Ϯ SE for 5 independent experiments for cells grown on plastic supports and 6 independent experiments for cells grown on Transwell inserts) represent total SLC26A6 abundance relative to GAPDH and surface biotinylated SLC26A6 relative to total SLC26A6 and are presented as a percentage of the respective control value. *P Ͻ 0.003 vs . CON (by paired t-test) . grown on plastic supports or Transwell inserts, which is in general agreement with the ATP-induced inhibition of oxalate transport by C2 cells. However, ATP had no significant effect on total SLC26A6 abundance in cell lysate. Equal loading was verified by probing the lower half of the same blot with an anti-GAPDH antibody and observing no significant difference (Fig. 9A) . Collectively, these results strongly support redistribution of SLC26A6 from the surface membrane without a change in total protein expression as the molecular mechanism underlying purinergic-mediated inhibition of oxalate transport by C2 cells.
DISCUSSION
We used the human intestinal epithelial cell line C2 as a model in this study to examine whether luminal ATP and UTP affect intestinal oxalate transport. We measured DIDS-sensitive [
14 C]oxalate uptake in the presence of an outward Cl Ϫ gradient as an assay of Cl Ϫ /oxalate exchange activity in C2 cells, Ն50% of which is mediated by SLC26A6 (33) . SLC26A6 operates in the direction of exchanging intracellular oxalate for mucosal Cl Ϫ during transepithelial oxalate secretion. However, SLC26A6 can operate in either direction (46) ; therefore, we measured its activity by the more convenient assay of cellular oxalate uptake. We found that [
14 C]oxalate uptake by C2 cells is negatively regulated by ATP and UTP. The observation that ATP and UTP are equipotent in inhibiting oxalate transport, complemented with experiments using the potent and selective P2Y 2 receptor agonist 2-thio-UTP, strongly indicates that ATP and UTP negatively regulate [ 14 C]oxalate uptake by C2 cells, likely through stimulation of the P2Y 2 purinergic receptor. Utilizing pharmacological inhibitors as well as PKC-␦ silencing studies, we demonstrated that ATP signals through activation of PLC and PKC-␦ to suppress [ 14 C]oxalate uptake by C2 cells. Moreover, using biotinylation studies to assess SLC26A6 localization, we showed reduction in surface membrane expression of the transporter to be the molecular mechanism underlying purinergic-mediated inhibition of oxalate transport by C2 cells.
Extracellular nucleotides such as ATP and UTP signal through ubiquitously expressed membrane-associated purinergic receptors in an autocrine or paracrine fashion (10) . They have been shown to play an important role in the regulation of epithelial ion transport (56) . Sources for intestinal extracellular nucleotides include lysis of apoptotic enterocytes, intestinal bacterial invasion and metabolism, and mechanical stimulation by food, water, and stool (53) . Enterocytes could also secrete nucleotides onto the luminal surface in a regulated nonlytic way (53) . In addition, epithelial cells are able to release nucleotides in response to physiological stimuli such as membrane stress, changes in cell volume, and receptor stimulation (21) . The release of extracellular nucleotides has been shown to occur preferentially onto the luminal side of epithelial cells (56) . The P2Y 2 purinergic receptor is a prominent luminal receptor in several epithelia including the intestine (56) . Luminal extracellular nucleotides were shown to stimulate Cl Ϫ , K ϩ , and HCO 3 Ϫ secretion and to inhibit epithelial Na ϩ channelmediated Na ϩ absorption in the gastrointestinal tract (56) . We now find that purinergic stimulation with ATP and UTP inhibits SLC26A6-mediated Cl Ϫ /oxalate exchange activity in C2 cells by reducing SLC26A6 surface membrane expression through signaling pathways including the P2Y 2 receptor, PLC, and PKC-␦. Since absolute selectivity is always an issue with pharmacological agonists and antagonists, our relevant findings should be interpreted with caution. Given the fact that C2 cells are highly polarized and exhibit several functional properties resembling the native epithelium, including cell surface receptors and carrier-mediated transport systems (62, 71) , we anticipate that similar regulation of oxalate transport by purinergic stimulation is likely to be active in native tissues in vivo. Since extracellular nucleotides are rapidly degraded (ATP ¡ ADP ¡ AMP ¡ adenosine) by ectonucleotidases (56) , it will be of significant physiological interest to examine in future studies whether intestinal oxalate transport is subject to regulation by one or more of these degradation products.
IBD patients have a 10-to 100-fold increased risk of kidney stones (69), with enteric hyperoxaluria, which is commonly seen in these patients (9, 17, 43) , being the major risk factor. This hyperoxaluria has been largely attributed to malabsorption of fat and bile acids (16) . Malabsorption occurs in Crohn's disease, but not in ulcerative colitis (UC); however, hyperoxaluria is also seen in UC (34) . Therefore, malabsorption might not be the only important risk factor predisposing to hyperoxaluria and kidney stones in IBD, and it is possible that other mechanism(s) for the hyperoxaluria must be operative. As described above, Slc26a6-mediated intestinal oxalate secretion plays a major constitutive role in limiting net absorption of ingested oxalate, thereby preventing hyperoxaluria and calcium oxalate nephrolithiasis (45) . A role for extracellular nucleotides in the regulation of intestinal oxalate transport had not been recognized previously. Our finding that ATP and UTP negatively regulate SLC26A6-mediated Cl Ϫ /oxalate exchange activity in C2 cells suggests a potential role for purinergic signaling in the regulation of oxalate homeostasis, as explained below. Large amounts of extracellular nucleotides are rapidly released into the extracellular environment (i.e., intestinal lumen in the setting of IBD) at sites of inflammation due to cell and tissue damage, stress factors such as hypoxia, and low pH (29, 58) . In addition to intestinal epithelial cells, other cell types, such as activated leukocytes, platelets, and smooth muscle cells, also secrete nucleotides in IBD (29, 58) . For example, a migrating neutrophil releases ATP from its leading edge, with 1,000-fold-higher ATP levels during inflammation (20, 49, 57) . Therefore, it is highly possible that, as a result of being released from these multiple sources, sustained supraphysiological levels of luminal nucleotides could be seen in conditions associated with chronic inflammation such as IBD. Since the intracellular ATP levels are ϳ5-10 mM (77), it is possible that relatively little cellular ATP must be released to reach a concentration significant enough to stimulate the purinergic receptors. Of remarkable interest in this regard is that the expression of the P2Y 2 and P2Y 6 purinergic receptors is significantly higher in colonic tissues isolated from a mouse model of colitis and from humans with IBD (i.e., patients with Crohn's disease and UC) (36) . In view of our finding that ATP and UTP act through the P2Y 2 receptor to inhibit SLC26A6-mediated oxalate transport by C2 cells, it is tempting to speculate that signaling through the overexpressed P2Y 2 receptor might lead to sustained ATP/UTP-induced inhibition of SLC26A6-mediated intestinal oxalate secretion, thereby potentially contributing to the reported enteric hyperoxaluria and high incidence of related kidney stones in patients with IBD.
Significantly reduced SLC26A6 mRNA expression was recently reported in a mouse model for mild ileocolonic inflammation (89) . However, this study (89) did not examine SLC26A6 protein expression to see if there was an associated reduced protein expression. In addition, enteric hyperoxaluria has also been reported in the setting of chronic mesenteric ischemia (14) , a situation where hypoxia can lead to sustained release of nucleotides, which might potentially contribute to the hyperoxaluria by inhibiting SLC26A6-mediated intestinal oxalate secretion.
As indicated above, bacterial metabolism and overgrowth within the intestinal lumen are among the sources of luminal ATP/UTP, which through stimulation of colonic K ϩ secretion and inhibition of Na ϩ absorption, as well as activation of small intestinal Cl Ϫ secretion, would lead to accumulation of large amounts of luminal fluid. This associated diarrhea response could serve as an epithelial defense mechanism by flushing away the bacteria-derived luminal irritant (56) . Some pathogens strengthen their survival through modulation of extracellular nucleotide release and subsequent signaling by host cells (21) . During infection with respiratory syncytial virus, the clearance of fluid by the bronchoalveolar epithelium was shown to be blocked by a mechanism involving respiratory syncytial virus-induced nucleotide release and subsequent stimulation of host P2Y receptors (25) . It is possible that some pathogens in the gastrointestinal tract might use similar mechanisms, potentially leading to increased luminal nucleotides, which could inhibit SLC26A6-mediated intestinal oxalate secretion and predispose to hyperoxaluria in settings such as chronic infection and/or inflammation (e.g., IBD), as indicated above. Several gut bacteria, including Oxalobacter formigenes, Lactobacillus acidophilus, Bifidobacterium lactis, Eubacterium lentum, Enterococcus faecalis, and Providencia rettgeri, are capable of degrading intraluminal dietary oxalate (42) . O. formigenes plays an important role in preventing recurrent calcium oxalate nephrolithiasis in animal and human studies (24, 78) . In addition to degrading intraluminal dietary oxalate, O. formigenes also interacts with colonic epithelium by inducing enteric oxalate secretion and, hence, reduces urinary excretion via a potential secretagogue, which also increases net Cl Ϫ secretion (40) . This is probably a survival strategy utilized by O. formigenes when oxalate, its sole energy source (required for ATP generation), is limited in the diet, as previously reported (40) . However, the identity of this secretagogue remains unknown. Binding of flagellin of the gram-negative bacterium Pseudomonas aeruginosa to host cells was shown to induce cellular release of ATP (61) . By releasing ATP and stimulating purinergic receptors (leading to MAPK activation), luminal exposure to flagellin was shown to inhibit epithelial Na ϩ channel-mediated Na ϩ absorption in mouse airways (10, 50) . Since O. formigenes is an anaerobic gram-negative bacterium, it may similarly interact with host cells (colonocytes) by one or more of its components (perhaps flagellin), leading to cellular release of ATP. Although ATP is known to stimulate electrogenic colonic Cl Ϫ secretion (as observed with the secretagogue) (35, 81) , it is unlikely that this potential secretagogue would be ATP, since we observed that ATP inhibits, rather than stimulates, SLC26A6-mediated oxalate transport by C2 cells.
Since activation of most purinergic receptors increases intracellular Ca 2ϩ (8, 56) , downstream stimulation of Ca 2ϩ -activated Cl Ϫ channels, rather than the cAMP-activated CFTR Cl Ϫ channel, would be expected. However, a role for CFTR in Ca 2ϩ -dependent purinergic-mediated Cl Ϫ secretion has recently been shown in human pancreatic duct epithelial cells (86) . In addition, most of the UTP-induced Cl Ϫ secretion in primary cultures of human bronchial epithelial cells was shown to be mediated by CFTR by a mechanism involving Ca 2ϩ activation of adenylyl cyclase I and cAMP/PKA signaling (64) . Moreover, a role for CFTR in purinergic-mediated intestinal Cl Ϫ secretion is supported by the observation that UTP-and forskolin-induced jejunal Cl Ϫ secretion was decreased by Ͼ51% and 57%, respectively, in mice homozygous for the ⌬F508 mutation of CFTR compared with wild-type littermates (35) , as well as the fact that the jejunal Cl Ϫ secretory response to apical UTP was remarkably impaired in CFTR-null mice (54) . Several potential mechanisms by which Ca 2ϩ -mobilizing agents (e.g., ATP and UTP) could stimulate CFTR have been reported (54, 64, 86) , including PKC or PKG activation and prostaglandin-induced activation of adenylate cyclase-coupled prostaglandin E 2 receptors. Caco-2 cells express CFTR (26, 67, 87) ; however, CFTR expression has not been studied in our C2 cells, other than to note effects of CFTR-172.
SLC26A6 is capable of mediating electrogenic Cl Ϫ /oxalate exchange (46) , which could be affected by changes in membrane potential. Significant ATP-induced Cl Ϫ secretion in C2 cells should lead to cellular depolarization, which would be expected to enhance electrogenic Cl Ϫ /oxalate exchange in the direction of oxalate uptake by C2 cells. However, luminal ATP and UTP rapidly induce K ϩ secretion via the P2Y 2 receptors and the P2Y 2 and P2Y 4 receptors in rat distal colon and mouse colon, respectively (47, 59) . This rapid K ϩ secretion could offset any cellular depolarization resulting from ATP-induced Cl Ϫ secretion; therefore, it is likely possible that no effect or a minimal effect on electrogenic Cl Ϫ /oxalate exchange would be seen in this setting in the absence of altered SLC26A6 activity. In addition, O. formigenes promotes enteric oxalate and Cl Ϫ secretion, as described above. The cellular depolarization accompanying Cl Ϫ secretion should inhibit, rather than stimulate, oxalate secretion by electrogenic Cl Ϫ /oxalate exchange. Since colonic secretagogues that trigger CFTR-dependent Cl Ϫ secretion at the same time also usually stimulate K ϩ secretion (37, 74, 80) , it is possible that the O. formigenes-derived secretagogue, which promoted colonic oxalate and Cl Ϫ secretion, also activates K ϩ secretion. This could potentially offset any cellular depolarization accompanying Cl Ϫ secretion and, therefore, would be unlikely to impact colonic oxalate secretion by itself.
In summary, we have shown that the extracellular nucleotides ATP and UTP negatively regulate oxalate transport by lowering SLC26A6 surface expression in C2 cells through signaling pathways that likely include the P2Y 2 purinergic receptor, PLC, and PKC-␦. These findings suggest that purinergic regulation of intestinal oxalate transport might play an important role in overall oxalate homeostasis and, thereby, could affect urinary oxalate excretion and risk of stone formation, including a potential relevance to the pathophysiology of IBD-associated hyperoxaluria and related kidney stones.
